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Abstract
Sea ice is a crucial component of the Arctic climate system, yet the tools to document the evolution of sea ice conditions on
historical and geological time scales are few and have limitations. Such records are essential for documenting and
understanding the natural variations in Arctic sea ice extent. Here we explore sedimentary ancient DNA (aDNA), as a novel
tool that unlocks and exploits the genetic (eukaryote) biodiversity preserved in marine sediments specifically for past sea ice
reconstructions. Although use of sedimentary aDNA in paleoceanographic and paleoclimatic studies is still in its infancy, we
use here metabarcoding and single-species quantitative DNA detection methods to document the sea ice conditions in a
Greenland Sea marine sediment core. Metabarcoding has allowed identifying biodiversity changes in the geological record
back to almost ~100,000 years ago that were related to changing sea ice conditions. Detailed bioinformatic analyses on the
metabarcoding data revealed several sea-ice-associated taxa, most of which previously unknown from the fossil record.
Finally, we quantitatively traced one known sea ice dinoflagellate in the sediment core. We show that aDNA can be
recovered from deep-ocean sediments with generally oxic bottom waters and that past sea ice conditions can be documented
beyond instrumental time scales. Our results corroborate sea ice reconstructions made by traditional tools, and thus
demonstrate the potential of sedimentary aDNA, focusing primarily on microbial eukaryotes, as a new tool to better
understand sea ice evolution in the climate system.
Introduction
Arctic sea ice is a crucial component of the Arctic climate
system, but it is probably one of the least well-documented
and understood components, especially on historical and
geological timescales. A major reason is that satellite
records only cover the past decades of Arctic sea ice evo-
lution, providing a (too) short account of sea ice variability
during a time when anthropogenic greenhouse gas emis-
sions were already rising. To grasp natural Arctic sea ice
variability, it is essential to generate sea ice records beyond
the observational and historical records via sources of cli-
mate information from natural archives (proxies). Sea ice
proxies are still under development (e.g., [1, 2]) and mostly
utilize chemical signatures (the biomarker IP25) or micro-
fossil assemblages (diatoms, dinoflagellate cysts) from
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phytoplankton associated with sea ice to reconstruct the past
Arctic sea ice cover. While these methods have advantages
such as availability of large datasets, rapid measurement,
seasonal sea ice reconstructions, potential for quantitative
reconstructions, they do have some immanent limitations
such as poor preservation, indirect relation with sea ice,
absence under permanent sea ice or a limited regional
application [3, 4].
Here we demonstrate the potential of sedimentary aDNA
metabarcoding for sea ice reconstructions and of specific
sea ice organisms as palaeo-sea ice indicators, focusing
mainly on DNA originating from the microbial eukaryotes.
Compared to the traditional proxies, our approach has
a strong advantage through a more direct link to sea ice via
the broader eukaryote (sea ice) community and/or indivi-
dual sea ice organisms, whose genetic signatures (environ-
mental DNA) have been preserved in sediments and can be
used to characterize past biodiversity [5]. Molecular tech-
niques employed on sea ice communities itself have pre-
viously documented characteristic and unique DNA
signatures in open-ocean, seasonal and permanent sea ice
environments [6, 7]. DNA signatures from surface ocean
microorganisms have been detected in marine surface
sediments, revealing diversity beyond the fossil record
[8, 9]. Moreover, aDNA has been documented from Late
Quaternary sediments (e.g., [10, 11, 12]) and building on
early studies in Antarctica [13], we explore here for the first
time its potential for reconstructing Arctic sea ice conditions
in the Late Quaternary. Finally, DNA sequencing can be
done at competitive speed, cost and ease of use due to on-
going technological advances [14].
Materials and methods
Sediment cores and samples
A multicore (MC) and a 19.6-m long Calypso core (CC)
were recovered from the East Greenland Sea (Station GS15-
198-38; 70˚07.612′ N, 17˚39.765′ W; 1610 m water depth;
Fig. 1) in the summer of 2015 during the Ice2Ice cruise with
the RV G.O. Sars. Both cores were split on the ship and
sampled immediately using sterile 20 mL polypropylene
syringes. Eight sediment samples were taken at random
depths in undisturbed intervals of the Calypso core, and the
sediment interval 0–1 cm was collected from the multicore.
Syringes filled with sediment were put into individual
plastic bags and frozen immediately at −80 °C until mole-
cular analyses. The detailed sampling method for molecular
analyses is presented in the Suppl. Information. The sedi-
ment cores were placed in cool storage (4 °C) and sampled
post-cruise for organic biomarker analyses and palynology.
Total organic carbon and biomarker analyses were
performed at the Alfred Wegener Institute (Bremerhaven,
Germany) following techniques described in refs. [15, 16].
Semi-quantitative sea ice estimates based on the
phytoplankton-IP25 (PIP25) index were calculated following
ref. [1]. Palynological laboratory procedures were per-
formed at Palynological Laboratory Services Ltd. (Holy-
head, UK) using a standard procedure [17]. More details on
the biomarker and palynology laboratory protocols are
given in the Suppl. Information. All analyses were done on
samples collected at the same sampling depth.
The age model for the core is based on linear inter-
polation between 10 tie points determined via AMS 14C
dating down to 345 cm (45,128 cal yr BP) and a 5-cm
resolution N. pachyderma sinistral isotope stratigraphy [18]
from 345 to 660 cm (marine isotope stage 5e, ~123,000
years ago). Full details of the age model and tie points can
also be found in the Suppl. Information.
Metabarcoding, bioinformatics and droplet digital
PCR
Full details about the methods, protocols and bioinforma-
tical pipelines are available in the Suppl. Information. In
brief, sediment subsampling, DNA purification and PCR
set-up were all conducted in access-restricted, purposed
rooms at the Norwegian Research Centre (NORCE, Bergen)
with protective lab wear and clean equipment in order to
minimize cross-contamination risk and sample contamina-
tion with modern DNA in compliance with recommenda-
tions [19]. Our metabarcoding strategy targeted a broad














Fig. 1 Map of the East Greenland Sea and the Station GS15-198-38
with the median September and March sea ice extent (1981–2010) [72]
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the V7 hypervariable region of the small subunit ribosomal
RNA (SSU rRNA) gene [20]. Briefly, 0.5 pmol of each
primer 1183mod (5′-AATTTGACTCAACRCGGG-3′) and
R1443mod (5′-GRGCATCACAGACCTG-3′) [20, 21] was
added to 50 µl PCR reactions containing 5 µl aDNA as
template, 5 µg molecular biology grade Bovine Serum
Albumin (New England Biolabs, Ipswich, MA, USA), 5
µmol of each dNTP, 0.2 U Phusion high-fidelity DNA
polymerase (New England Biolabs, Ipswich, MA, USA),
1X buffer and ultrapure water [20]. Metabarcoding libraries
were prepared in three steps: (1) 30 cycles of amplification
of eukaryote SSU V7 target fragments from aDNA samples,
(2) adapter-ligation PCR (10 cycles) to append Illumina
adapter sequences to amplicons from Step 1, and (3)
barcode-ligation PCR (15 cycles) to append forward and
reverse Illumina barcodes (8 nt) to amplicons from Step 2
(details in Suppl. Information). All PCR products were
twice-purified using magnetic beads (MagBio, Gaithers-
burg, ME, USA) at a PCR product:bead volumetric ratio of
1:1.8 in the first round, and 1:1 in the second round. Dual-
indexed amplicon libraries were pooled in equimolar ratios,
then the pooled library was purified with magnetic beads at
bead volume ratio of 1.0 to ensure complete removal of
primer dimers. Sequencing on an Illumina MiSeq platform
using v.3 chemistry and 600 cycles (300 bp × 2) was con-
ducted at the Norwegian High-Throughput Sequencing
Centre in Oslo, Norway.
The raw data were quality-trimmed and error-corrected
using published bioinformatics tools (Suppl. Information).
This was followed by pooling, dereplication, sorting, sin-
gleton removal, operational taxonomic unit (OTU) cluster-
ing using VSEARCH v.2.8.1 [22] at 97% similarity, de
novo chimera removal, and mapping reads back to OTUs.
OTUs were taxonomically classified against the Protist
Ribosomal Reference database v.4.10.0 (PR2) [23]. In total,
1042 OTUs were generated at the 97% similarity level, of
which 65 OTUs were observed in pooled sampling and
extraction controls. The OTUs that appeared in sampling
and extraction controls samples, to which no sediment or
template DNA had been added, were defined as sequence
“contaminants” and subsequently informatically excluded
from all sediment sample data prior to statistical analysis of
the remaining 977 OTUs. All statistical analyses were
conducted in the R statistical computing environment [24].
Droplet digital PCR (ddPCR) analysis was conducted
to quantify the abundance of the sympagic dinoflagellate
Polarella glacialis in sedimentary aDNA. Primers ampli-
fying the ribosomal ITS1 region of P. glacialis, Polarella-
ITS-44F (5′-CGACTGGGTGGAGATGGTTG-3′) and
Polarella-ITS-138R (5′-CCCAGGTGTTTAAGCCAGGT-
3′), were designed and tested for efficiency and specificity
(see Supplementary Material for a detailed protocol
description). All clones (N= 10) from ddPCR amplification
of P. glacialis ITS1 from a mixture of all six DNA sub-
samples from the core surface sediment gave best hit to P.
glacialis when compared to GenBank using the blastn
algorithm. PCR reactions were performed in C1000 Touch
thermocycler with deep-well module (Bio-Rad). PCR pro-
ducts were cloned using a standard cloning kit and Sanger
sequenced for verification purposes. Quantitative amplifi-
cation of P. glacialis ITS1 gene fragments from aDNA was
followed by droplet generation and post-PCR enumeration.
The ddPCR results were normalised to P. glacialis ITS1
copies per g sediment.
Results
Palynology
Most samples recorded very few dinoflagellate cysts (con-
centrations below 50 cysts/g sediment, see Table 1). The
surface sample (sample 1 cm) was dominated by cysts of
Protoceratium reticulatum. Nematosphaeropsis labyrinthus
and Impagidinium pallidum were abundant and the sample
also contained heterotrophic taxa (Brigantedinium, Round
Brown Cysts). The samples at 24 and 249 cm contained a
characteristic low-diversity assemblage in higher con-
centrations (respectively 286 and 187 cysts/g sed). Sample
24 cm recorded an autotrophic dinoflagellate cyst assem-
blage dominated by Spiniferites (including Spiniferites
elongatus) and the common presence of Nematosphaeropsis
labyrinthus and cysts of Protoceratium reticulatum. Such
assemblage is not typically associated with sea ice. In
contrast, sample 249 cm was dominated by heterotrophic
taxa like Islandinium minutum, Brigantedinium and Round
Brown Cysts. This sample also recorded cysts of the sea ice
dinoflagellate Polarella glacialis (n= 2). Together, the
dinoflagellate cyst assemblage indicated a nutrient-rich
environment, associated with (seasonal) sea ice. Fresh water
algae Halodinium and Pediastrum were also recorded.
Biomarkers
The mono-unsaturated highly branched isoprenoid IP25, or
“Ice Proxy with 25 carbon atoms”, is produced by certain
Arctic sea ice diatoms [25, 26]. In surface sediments of the
modern ocean, IP25 is most abundant where seasonal sea ice
occurs, whereas it is rarely recorded in permanent sea ice
and absent in sea-ice free conditions [4, 27]. Its occurrence
in sediments provides evidence for past sea ice occurrence.
We recorded IP25 in the surface sample and four samples of
the sediment core. The highest IP25 value (1.04 µg/g TOC)
was recorded in sample 249 cm, where also high values of
HBI-III (0.06 µg/g TOC), brassicasterol (27.46 µg/g TOC)
and dinosterol (3.24 µg/g TOC) were recorded (Fig. 2 and
The potential of sedimentary ancient DNA for reconstructing past sea ice evolution
Table 1). In the surface sample, high phytoplankton bio-
marker values were recorded, and also IP25 was up to 0.15
µg/g TOC. In the other samples, IP25 was zero or maxi-
mally 0.05 µg/g TOC, and also brassicasterol (<7.7 µg/g
TOC) and dinosterol (<2.37 µg/g TOC) showed low values.
IP25 only indicates presence or absence of seasonal sea ice,
but can be used in combination with phytoplankton bio-
markers (e.g., dinosterol or brassicasterol) to calculate the
PIP25 index, which allows to reconstruct sea ice and sea
surface conditions, respectively [1]. Based on the indivi-
dual biomarker data and the PBIP25 and PDIP25 indices
(0.65–0.66), our surface sample and sample 249 cm indi-
cate seasonal sea ice conditions. In all samples where IP25
is (near) zero, this can be interpreted as either sea ice free or
permanent sea ice conditions due to limitations of the PIP
index [1, 25, 27]. Also in those samples, near zero values of
brassicasterol and dinosterol indicate limited phytoplankton
productivity and permanent sea ice conditions, rather than
sea ice free conditions where high phytoplankton pro-
ductivity is expected. The β-sitosterol and campesterol
biomarkers are abundant in sample 249 cm (22.57 µg/g
TOC and 6.67 µg/g TOC, respectively), and show generally
low values in the other samples (<11.09 µg/g TOC and























































































































































































































































































































































































































































































































































































































































Fig. 2 Cross-plot of IP25 biomarker vs. brassicasterol and dinosterol
S. De Schepper et al.
Metabarcoding
DNA yield from 6 subsamples for each of 9 sediment
samples (54 measurements in total) varied from undetect-
able (limit of detection 200 pg per assayed sample volume)
to 1795 ng DNA per g sediment, with a rapid drop in
recoverable double-stranded DNA (dsDNA) from surface to
downcore sediments. After sequencing the 18S rDNA gene,
quality-filtering, merging, clustering with singleton
removal, and de novo chimera removal resulted in 143,750
reads that clustered into 977 aDNA operational taxonomic
units (OTUs) with a 97% similarity cut-off. See Suppl.
Information and Suppl. Table 1 for details on sequence data
metrics. The 977 OTUs were used to characterize the
genetic diversity revealed by aDNA metabarcoding analysis
as α- and β-diversity. The predicted genetic diversity within
each sediment layer, or α–diversity [28], was calculated
using two standard ecological diversity measures, the rar-
efied genetic richness (Fig. 3a) and the Shannon index
(Fig. 3b). The rarefied richness was distinctly higher in the
surface sample compared to the downcore samples. This
difference was not preserved in the Shannon index, which
considers both OTU richness and relative abundance within
a sample. In the downcore samples, rarefied richness varied
from approximately 30 to 60 OTUs per subsampling itera-
tion (Fig. 3a). Pairwise analysis of variance (ANOVA) tests
on rarefied richness estimates indicated significant differ-
ences between the genetic diversity present in the different
Fig. 3 Diversity analysis of
metabarcoding libraries
amplified from one surface
sample and eight downcore
samples at station GS15-198-38,
East Greenland Sea. a Boxplot
showing predicted OTU
richness. b Boxplot showing
Shannon index values.
c Principle coordinates analysis
(PCoA) of unweighted UniFrac
dissimilarity. Coloured labels
refer to sample depths. d Pooled
(N= 6) relative abundances of
family-level taxonomic
identification of OTUs for each
sediment sample. Composite
bars show the 20 OTUs with
highest relative abundance, and
all remaining OTUs are
collectively shown as “Others”.
Best-hit classifications were
performed by querying the
Protist Ribosomal Reference
(PR2) database v.4.10.0 with
metabarcodes using the blast
algorithm. Sample IDs (y-axis)
show core depth in cm and taxon
bar widths (“Proportions” on the
x-axis) indicate relative
abundance (%) of taxonomic
groups in each sediment sample
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samples (Suppl. Table 2). The β-diversity, or genetic
diversity between sediment samples, is represented as the
unique fraction distance (UniFrac, (ref. 29)). Principle
coordinates analysis (PCoA) of the unweighted UniFrac
distance matrix demonstrates distinct clustering of some
samples, while others overlap (Fig. 3c). Most notably, the
surface sample genetic diversity was highly distinct from
the downcore samples. Among the downcore samples, some
degree of distinction between sample clusters exists, with
the strongest genetic dissimilarity between the samples 24,
249 and 490 cm (Fig. 3c).
Constrained correspondence analysis (CCA) of meta-
barcoding results (OTUs) using dinoflagellate cyst and bio-
marker concentrations could explain only 14.4% of the
observed genetic diversity in the metabarcoding results (Total
inertia 9.9527, Constrained inertia 1.4305, Unconstrained
inertia 8.5219) (Suppl. Fig. S1). This indicates that the indi-
cator measures have poor discriminatory power for the
observed genetic diversity. Unconstrained PCoA analysis
revealed that the strongest genetic distinction was observed
between the surface and downcore samples (Fig. 3c), in part,
due to higher dinocyst abundances and concentrations of
dinosterol and brassicasterol in the surface sample.
Examination of the taxonomic diversity captured by
metabarcoding analysis of aDNA revealed a rich taxonomic
coverage, with representation of protists, fungi, diatoms, as
well as invertebrate and vertebrate metazoans (Fig. 3d). Of
the 977 OTUs generated from the metabarcoding results,
158 (16% of OTUs) were not classified at any taxonomic
level. The OTUs with highest relative abundance in the
aDNA metabarcoding data had highest sequence similarity
to Cerocozoans (Stramenopiles: Rhizaria) (116 OTUs,
34.8% of all reads, 0–76% per sample) and two marine
stramenopile (MAST) clades [30] (54 OTUs, 27.7% of all
reads, 0.3–68% per sediment layer). Metazoans were also
present in high relative abundance (127 OTUs, 14.8% of all
reads, 2–41.6% per sediment layer) in several samples and
were represented by sequences with highest similarity to
reference sequences from arthropods, flatworms, cnidarians,
tunicates, hydrozoans and annelids. Diatoms comprised
only 0.1% of all reads and represented 0–2% of reads
per sediment layer (11 OTUs), with reads resembling both
centric and pennate diatoms. Dinoflagellate-like reads
comprised 2% of total sequence reads (56 OTUs, 0.2–13%
of reads per sample) including reference sequences from
Syndiniales (mainly), Protoperidinium, Suessiales and
Gymnodinium. A complete table of OTUs with taxonomic
classifications is provided in the Suppl. Table 3.
Next, we linked individual OTUs to environmental
variables, measured on the same samples (i.e., from the
same sample depth). The environmental variables employed
were concentrations of dinocysts (measure for productivity),
brassicasterol and dinosterol (phytoplankton biomarkers,
productivity), and the sea ice diatom biomarker IP25, and its
derived indices PBIP25 and PDIP25. We used sparse partial
least squares discriminant analysis (sPLS-DA) on the
downcore samples and identified 348 OTUs with significant
discriminatory power (Suppl. Fig. S2). Pairwise correlation
analysis of discriminatory OTUs against the measured
environmental parameters revealed significant (Adj. P <
0.05) positive correlations (Kendall’s tau 0.430–0.498) with
IP25 and PBIP25 for four putative cercozoan OTUs
(OTU_348, OTU_4579, OTU_4620, OTU_4660), one
OTU resembling a polar centric diatom (OTU_5051) and a
Gymnodinium-like OTU (OTU_333) (Suppl. Table 4).
Droplet digital PCR of the dinoflagellate Polarella
glacialis
In addition to qualitative investigation of sedimentary
aDNA using metabarcoding, we employed a quantitative
approach (droplet digital PCR, or ddPCR) to specifically
quantify DNA sequences from Polarella glacialis. We
chose to target this species because it is a known sea-ice
associated dinoflagellate that was identified during the
microscope analysis. Using PCR primers designed to spe-
cifically amplify the P. glacialis ribosomal RNA ITS1
region (Suppl. Information), we observed patchy distribu-
tion of P. glacialis DNA in the different samples as well as
within replicates of the same sample, with gene copy
abundances ranging from 0 to 58 533 gene copies g/sedi-
ment (Fig. 4). Highest P. glacialis ITS1 gene copy abun-
dances were observed in the surface sediment layer.
Interestingly, several subsamples from 249 cm depth
(33,678 cal yr BP) contained an approximately 10- to 100-
fold higher abundance of detectable P. glacialis ITS1 gene
copies compared to the other downcore samples (<40 to 266
copies g/sediment).
Discussion
In our attempt to explore the applicability of using sedi-
mentary aDNA to reconstruct Arctic sea ice on Late Qua-
ternary time scales we demonstrate that DNA from Arctic
sediments of ca. 100,000 years old is well preserved, even
from a region with generally oxic bottom waters, and that it
can be used to describe the sea ice history. We recorded
aDNA in all samples of our sediment core in the Greenland
Sea (Fig. 3d). Our lowermost sample 590 cm, dated to
almost ~100,000 years ago, currently provides the oldest
record of sedimentary aDNA in the Arctic. Of the 977
OTUs detected by metabarcoding analysis of aDNA, 230
were present in this sample, the majority of which were
classified as Euglenozoa, Stramenopiles (MAST), Cnidaria,
Fungi and Amoebozoa. Deep-ocean sediments provide a
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stable, low-temperature environment that may aid the pre-
servation of DNA in marine anoxic and oxic, subsurface
settings (e.g., [9, 12, 13, 31–34]) underpinning that sedi-
mentary aDNA can indeed become a useful additional
proxy to bolster our understanding of Arctic and oceanic
change in the Late Quaternary, possibly even beyond
~100,000 years [32, 35].
Metabarcoding reveals changes in past (sea ice)
environments
With our generalist approach, using a moderately short
fragment of ~260 base pairs targeting a wide diversity of
eukaryotic organisms, of which we focus specifically on
the micro-sized ones that compare best with traditional sea
ice proxies, we gathered the broad molecular signature of
Late Quaternary sediments in the East Greenland Sea
(Fig. 1). The considerably higher diversity and unique
metabarcode signature in the surface sample (sample 1
cm) compared to the downcore samples (Fig. 3a, c) can be
attributed to better preservation in the surface sample,
which reflects modern conditions. A higher degradation of
the DNA signal is to be expected with increasing age
[36, 37] and possibly affects the metabarcoding results in
the two oldest downcore samples.
In the downcore samples (24 to 590 cm), the meta-
barcoding results show a remarkably strong agreement with
the pattern derived from traditional sea ice proxies (paly-
nology and biomarkers). In samples 24 to 390 cm, a con-
sistent metabarcoding signature with abundant marine
stramenopile and Cercozoa sequences occur (Fig. 3c, d).
The marine stramenopile clade MAST-12 is a cosmopolitan
group of heterotrophic flagellates occurring in planktic
settings and sediments of both oxic and anoxic marine and
fresh water environments [38, 39]. A link between the
diverse MAST-12 group and sea ice is currently not docu-
mented in the modern ocean. In contrast, Cercozoa are
important heterotrophic protists occurring in a multitude of
marine environments, including open water, marine sedi-
ments and sea ice [7, 39–42]. The Cryothecomonas lineage
of the Cryomonadida consists of heterotrophic grazers that
forage on sea-ice brine communities [43]. The most abun-
dant OTUs in the metabarcoding dataset most closely
resemble reference sequences from this group of sea-ice
associated protists in all samples younger than ~51 kyrs
(samples 24 to 390 cm), thus suggesting the presence of sea
ice. Their absence from the two eldest samples (~67 and 98
kyr) could be a true signal, but also a preservation or
detectability artefact. It is important to note that Cercozoans
have only been reported in the geological record through the
use of molecular techniques [44]. Also worth highlighting,
is that during the Last Glacial Maximum (~22 and ~26 cal
kyr BP, samples 99 and 169 cm respectively), Cnidarians
were conspicuously present in the record (Fig. 3d). Whether
there is a link between these organisms and sea ice cover is
speculative at this point, but Cnidarians have been observed
both in and under sea-ice in the Arctic [45, 46]. In the
absence of a sediment metabarcode reference database from
sea ice regions, it is difficult to unquestionably assign this
signature dominated by marine stramenopiles and Cercozoa
sequences to sea ice. However, the absence of the sea ice
biomarker IP25 and low dinoflagellate cyst concentrations
(low productivity) likely reflects a permanent sea ice cover
between ~17.5 (24 cm) to 51 cal kyr BP (390 cm), except at
~33.7 cal ka BP (sample 249 cm, see below). IP25 is usually
absent in sediments underlying open water and under per-
manent sea ice conditions, but the low concentration of
phytoplankton productivity biomarkers (brassicasterol,
dinosterol) and dinoflagellate cysts indicate a limited pro-
ductivity that is most consistent with a permanent or
extended sea ice cover. The metabarcode signature between
~17.5 to 51 cal kyr BP may thus be reflecting a permanent
sea ice cover. The elevated dinocyst concentrations of
Fig. 4 Droplet digital PCR (ddPCR) quantification of P. glacialis ITS1
gene copies (note logarithmic x-axis) as a function of depth
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mainly Spiniferites at 17.5 cal kyr BP suggests productivity,
possibly related to a return to seasonally sea ice free con-
ditions in the region.
Interestingly, the PCoA analysis identifies sample 249
cm (~33.7 cal ka BP) to have a different signature compared
to the other samples (Fig. 3c), indicating a biodiversity and
environmental shift. This shift is best explained by the
disappearance of permanent sea ice and shift towards a
seasonal sea ice cover. We record a higher value of IP25,
while also brassicasterol, dinosterol and dinocyst con-
centrations (productivity) increased. The dominance of the
sea ice associated dinoflagellate Islandinium minutum and
presence of the sea-ice dinoflagellate Polarella glacialis,
both detected using microscopy (cysts) and genetic tools
(see below) indicate seasonal sea ice in this sample (Figs. 4,
5). A shift from permanent to seasonal sea ice in the
Greenland Sea implies a substantial retreat of the sea ice
edge, likely associated with Arctic climate warming around
that time. Although speculative without a more detailed
record, the timing of the shift in our record around 33.7 cal
kyr BP corresponds favorably to Greenland Interstadial 6
(33,690–33,310 cal yr BP, Rasmussen et al. 2014), when
the (eastern) Nordic Seas were largely sea ice free and
Greenland temporarily warmed [16, 47, 48].
Exploring individual genetic sequences as sea ice
indicators
A detailed correlation analysis of the aDNA metabarcodes
and the traditional proxies has identified several potential
sea-ice indicator taxa in the geological record. In comparing
the genetic data with the IP25 biomarker (and its derived
indices PBIP25), we identified significant correlations
(Suppl. Fig. S3, Suppl. Table 3) between the biomarker and
OTUs belonging to the Cercozoan clades Filosa-
Thecofilosea [49, 50], including one Cryothecomonas-like
OTU [43], and the silicoflagellate clade Filosa-Imbricatea,
both of which are common in polar marine environments.
Dinoflagellate and diatom sequences are well-known in sea
ice [6, 7], but only constitute a minor fraction of the
Fig. 5 Comparison of our novel sedimentary aDNA approach (metabarcoding and ddPCR) with traditional proxies (biomarkers and palynology)
for sea ice reconstructions over the last ~100,000 years at Site GS15-198-38 in the Greenland Sea
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metabarcodes generated from our sedimentary aDNA
samples (Suppl. Table 4). The reasons for this under-
representation relative to other studies (e.g., [36]) are
unclear, although differential preservation (e.g.,
[13, 51, 52]) and/or predation [53] may be possible expla-
nations. Nevertheless, one diatom-like OTU classified as a
polar centric mediophyceae (OTU_5051) and one Gymno-
dinium-like OTU (OTU_333) were found to be significantly
correlated to measured concentrations of IP25. These latter
two are discriminatory OTUs for the sample 249 cm, in
which the IP25 concentration was highest. OTUs classified
as known sea-ice associated taxa, such as dinoflagellates in
the Suessiaceae family (e.g., P. glacialis), were also posi-
tively associated with IP25, however this association was not
found to be statistically significant (Suppl. Fig. S3). Inter-
estingly, we recorded the presence of the sea ice dino-
flagellate P. glacialis in sample 249 cm (~33.7 cal kyr BP;
Fig. 5) using a palynological preparation using cold acids
only and sieving at 10 µm. This record represents the oldest
fossil record of this species in the Arctic, since cysts of P.
glacialis were previously only recovered from Arctic
[54, 55] and Antarctic [56] surface sediments. It is likely
that this small cyst (12–17 µm long and 8–15 µm wide; (ref.
57)) has been misidentified as an acritarch or overlooked in
previous palynological studies. Cyst recovery can further be
hampered by poor cyst preservation during sedimentation
[13], unfavorable preparation techniques and/or low pre-
servation potential (i.e., warm acids, sieving at >10 µm,
acetolysis; (ref. 57)).
Because of our metabarcoding data, the detection of P.
glacialis cysts in our slides, and previous successful iden-
tification of P. glacialis in paleoenvironmental genomics
work in Antarctica [13], we designed a primer amplifying
the ITS1 region to identify and quantify (ddPCR) this
species in our downcore record. The ddPCR recorded P.
glacialis in all samples and demonstrated increased abun-
dances in the surface sample (sample 1 cm) and sample 249
cm (Fig. 4). The detection of P. glacialis in the surface
sample indicates that in modern times, sea ice influenced the
coring site. Indeed, the site falls within the mean winter sea
ice extent of the satellite era (1980–2010) (Fig. 1). The peak
ddPCR value in sample 249 cm occurs together with the
major shift in metabarcode signature (discussed above), the
record of cysts of P. glacialis, and increased IP25 con-
centrations (Fig. 5). Although we have not assessed the
relative degradation state of P. glacialis target gene frag-
ments in the different samples, the clear peak in P. glacialis
ITS gene copy numbers is conspicuous and together with
the presence of cysts of P. glacialis provides strong evi-
dence for seasonal sea ice [55]. This suggests that individual
micro-sized sea ice taxa can be targeted and employed for
sea ice reconstructions in the Late Quaternary, even when
their fossil remains are not or rarely detected using tradi-
tional microscopy.
Challenges with using sedimentary aDNA as a sea
ice proxy
We employed a broad taxonomic characterization of the
sedimentary aDNA to reconstruct sea ice in the geological
past. To achieve the necessary balance between high phy-
logenetic resolution and DNA detection in geological
samples dating back ~100,000 years, we chose a moderate
target amplicon length (~260 base pairs). One of the key
challenges of a broad sedimentary aDNA metabarcoding
detection approach is that the generated sequence infor-
mation represents an amalgamation of taxa of diverse ori-
gins, not only from sea ice. DNA present in marine
sediments can reflect biological diversity present in the
sediment biome [58, 59], or it may originate from the
overlying water column [60, 61] including from ecologi-
cally distinct ocean surface biomes such as sea ice [7].
Identifying sea-ice relevant genetic signatures among the
genetically diverse signals is a real challenge as all may
potentially become incorporated into the extractable and
amplifiable sedimentary aDNA pool. The extremely high
variation in the number of SSU rRNA (18S) gene copies per
cell for different protists (e.g., for ciliates [62]) poses an
additional challenge in identifying quantitative trends in
biodiversity dynamics [63] in the context of specific climate
events. Nevertheless, we were able to identify major bio-
diversity shifts related to changed sea ice conditions using
our metabarcode approach. This may imply that the genetic
signature of the surface waters and sea ice environments is
in fact adequately captured in the sediment and identified by
the metabarcoding. Alternatively, it could also be a reflec-
tion of the translative effect on biodiversity in the water
column and at the seafloor through benthic-pelagic coupling
[64]. Another persistent challenge in molecular ecology, is
the common inability to assign organism identity and
ecology to gene sequences [65, 66]. This challenge has
become pervasive due to the increase in molecular envir-
onmental research while functional studies on isolated
organisms remain scarce [65, 67]. Although we were able to
identify several sea ice related OTUs, originating primarily
from the microbial eukaryotic fraction, studies focusing on
linking gene sequences to sea ice organisms would generate
a larger group of sea ice reference sequences that allow a
more detailed understanding and reconstruction of past sea
ice change. Targeted molecular approaches for specific taxa,
for example ddPCR quantification of P. glacialis in this
study, partially circumvent these challenges by direct
quantitative comparison of taxa abundance with key
environmental parameters. In addition, such approach can
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detect rare taxa whose genetic signal may be masked by the
abundant majority [68]. For this reason, we designed shorter
primers to quantify the DNA copies of the sea ice dino-
flagellate P. glacialis in our samples. Shorter (<100 base
pairs) fragments are preferential for targeted or quantitative
studies [12, 69], particularly from samples in which
extensive DNA degradation is expected [70].
In addition to challenges of sourcing detectable DNA
signal, contamination with modern DNA may mask the
ancient DNA signal. Due to the highly degraded nature of
ancient DNA, calls for standardization of protocols enforce
strict guidelines for aDNA analysis and data interpretation
[71]. In this study, all recommended precautions for pro-
tecting sedimentary aDNA samples from modern con-
tamination were strictly adhered to (e.g., [12, 13, 31]).
Extensive blank controls for sediment sampling (N= 8) and
for DNA extraction (N= 10) were routinely checked for
contamination, and where PCR products were visible on an
agarose gel (N= 2), purified and sequenced as separate
samples. These sequences were bioinformatically removed
from all sample data prior to statistical analysis (Suppl.
Information). The remaining biodiversity revealed by our
metabarcoding approach makes biological sense, with a
high diversity of marine-associated taxa. Deeper investiga-
tion into DNA degradation state and gene copy numbers
would be desirable for drawing stronger conclusions about
taxon abundances and genetic variability based on the
metabarcoding results alone. Full characterization of sedi-
mentary aDNA pools present in the sediments examined,
however, falls outside the scope of this study.
In summary, we have shown how past microbial ecology
can be used in climate research by demonstrating that uni-
versal metabarcoding and single-species quantitative DNA
approaches can characterize sea ice evolution on a Late
Quaternary timescale and both corroborate and complement
sea ice reconstructions using traditional paleo-sea ice
proxies. The major shifts in the Greenland Sea sedimentary
aDNA profiles determined from metabarcoding co-occur
with changes in palynology and sea ice biomarkers, all
demonstrating a shift from a permanent to seasonal sea ice
regime. Furthermore, detailed bioinformatic analyses
revealed previously unknown OTUs (cercozoans, dino-
flagellates) in samples where traditional proxies indicate sea
ice presence. Subsequently, the sea ice dinoflagellate P.
glacialis was targeted with quantitative DNA techniques
and traced in the geological record back to ~100,000 years
ago, highlighting its potential as a sea ice tracer. But, in this
study the link between the metabarcode data (OTUs) and
sea ice in the geological record is demonstrated indirectly
via other sea ice proxies. The relationship between meta-
barcode signatures, both on microbial eukaryotic commu-
nity and individual protist species level, in marine
sediments and sea ice environments needs to be established
and calibrated in the modern environment to demonstrate
the link between the sedimentary aDNA data and sea ice
environments in the modern ocean. That will allow to fully
develop sedimentary aDNA as an independent sea ice proxy
and exploit its potential for understanding the evolution of
the Arctic cryosphere. We demonstrate here that this
approach has a tremendous and untapped potential, even in
regions with oxygen-rich bottom waters [12].
Data storage
Palynological, biomarker and ddPCR concentration data are
freely available from the Bjerknes Centre Data Centre
(BCDC) and www.pangaea.de at doi:10.1594/PAN-
GAEA.900724. Metabarcoding sequence data is freely
available from the public databases as a Sequence Read
Archive with accession ID PRJEB27691.
Acknowledgements We like to extend our gratitude to the captain and
crew of RV G.O. Sars, the Ice2Ice cruise participants and specifically
J. Strømsøe and D.I. Blindheim for collecting the samples. We also
thank T. Dahlgren, C. Troedsson, E. Jansen and T. Dokken for their
support and advice. Malcolm Jones at Palynological Laboratory Ser-
vices Ltd. (UK) is thanked for preparing the palynological slides, and
K. Fahl and W. Luttmer at AWI-Bremerhaven for their help with the
biomarker measurements.
Funding This research has benefited from funding from the Bjerknes
Centre for Climate Research, and the Research Council of Norway
projects 268062 (aDNAPROX) and 273455/E10 (KLIMAFORSK
mobility stipend to JLR). UZI is supported by Natural Environment
Research Council (NERC) Independent Research Fellowship NE/
L011956/1 and Lord Kelvin Adam Smith Leadership Fellowship
(University of Glasgow). The cruise and research leading to these
results has also received funding from the European Research Council
under the European Community's Seventh Framework Program (FP7/
2007–2013)/ERC grant agreement 610055 as part of the ice2ice
project.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
S. De Schepper et al.
References
1. Müller J, Wagner A, Fahl K, Stein R, Prange M, Lohmann G.
Towards quantitative sea ice reconstructions in the northern North
Atlantic: A combined biomarker and numerical modelling
approach. Earth Planet Sci Lett. 2011;306:137–48.
2. Smik L, Cabedo-Sanz P, Belt ST. Semi-quantitative estimates of
paleo Arctic sea ice concentration based on source-specific highly
branched isoprenoid alkenes: A further development of the PIP25
index. Org Geochem. 2016;92:63–9.
3. de Vernal A, Gersonde R, Goosse H, Seidenkrantz M-S, Wolff
EW. Sea ice in the paleoclimate system: the challenge of recon-
structing sea ice from proxies – an introduction. Quat Sci Rev.
2013;79:1–8.
4. Belt ST, Müller J. The Arctic sea ice biomarker IP25: a review of
current understanding, recommendations for future research and
applications in palaeo sea ice reconstructions. Quat Sci Rev.
2013;79:9–25.
5. Thomsen PF, Willerslev E. Environmental DNA – An emerging
tool in conservation for monitoring past and present biodiversity.
Biol Conserv. 2015;183:4–18.
6. Bachy C, López-García P, Vereshchaka A, Moreira D. Diversity
and vertical distribution of microbial eukaryotes in the snow, sea
ice and seawater near the North Pole at the end of the polar night.
Front Microbiol. 2011;2:106.
7. Comeau AM, Philippe B, Thaler M, Gosselin M, Poulin M,
Lovejoy C. Protists in Arctic drift and land-fast sea ice. J Phycol.
2013;49:229–40.
8. Morard R, Lejzerowicz F, Darling KF, Lecroq-Bennet B, Winther
Pedersen M, Orlando L, et al. Planktonic foraminifera-derived
environmental DNA extracted from abyssal sediments preserves
patterns of plankton macroecology. Biogeosciences. 2017;
14:2741–54.
9. Pawłowska J, Lejzerowicz F, Esling P, Szczuciński W, Zajacz-
kowski M, Pawlowski J. Ancient DNA sheds new light on the
Svalbard foraminiferal fossil record of the last millennium. Geo-
biology. 2014;12:277–88.
10. Boere AC, Rijpstra W, de Lange GJ, Sinninghe Damsté JS,
Coolen M. Preservation potential of ancient plankton DNA in
Pleistocene marine sediments. Geobiology. 2011;9:377–93.
11. Coolen M, Boere A, Abbas B, Baas M, Wakeham SG, Sinninghe
Damsté, JS. Ancient DNA derived from alkenone‐biosynthesizing
haptophytes and other algae in Holocene sediments from the
Black Sea. Paleoceanography. 2006;21:PA1005.
12. Lejzerowicz F, Esling P, Majewski W, Szczucinski W,
Decelle J, Obadia C, et al. Ancient DNA complements micro-
fossil record in deep-sea subsurface sediments. Biol Lett.
2013;9:20130283.
13. Boere AC, Abbas B, Rijpstra W, Versteegh G, Volkman JK,
Sinninghe Damsté JS, et al. Late‐Holocene succession of dino-
flagellates in an Antarctic fjord using a multi‐proxy approach:
Paleoenvironmental genomics, lipid biomarkers and palyno-
morphs. Geobiology. 2009;7:265–81.
14. Pichler M, Coskun OK, Ortega-Arbulu AS, Conci N, Worheide G,
Vargas S, et al. A 16S rRNA gene sequencing and analysis pro-
tocol for the Illumina MiniSeq platform. MicrobiologyOpen.
2018;7:e00611.
15. Fahl K, Stein R. Modern seasonal variability and deglacial/
Holocene change of central Arctic Ocean sea-ice cover: New
insights from biomarker proxy records. Earth Planet Sci Lett.
2012;351:123–33.
16. Sadatzki H, Dokken TM, Berben SMP, Muschitiello F, Stein R,
Fahl K, et al. Sea ice variability in the southern Norwegian Sea
during glacial Dansgaard–Oeschger climate cycles. Sci Adv.
2019;5:eaau6174.
17. De Schepper S, Schreck M, Beck KM, Matthiessen J, Fahl K,
Mangerud G. Early Pliocene onset of modern Nordic Seas cir-
culation related to ocean gateway changes. Nat Commun.
2015;6:1–8.
18. Olsen IS. Investigations of abrupt climate change offshore east
Greenland continental margin during Marine Isotope Stages 3 and
5 [MSc thesis]: University of Bergen; 2016; 88 p.
19. Gilbert MTP, Bandelt HJ, Hofreiter M, Barnes I. Assessing
ancient DNA studies. Trends Ecol Evol. 2005;20:541–4.
20. Ray JL, Althammer J, Skaar KS, Simonelli P, Larsen A, Stoecker
D, et al. Metabarcoding and metabolome analyses of copepod
grazing reveal feeding preference and linkage to metabolite clas-
ses in dynamic microbial plankton communities. Mol Ecol.
2016;25:5585–602.
21. Hadziavdic K, Lekang K, Lanzen A, Jonassen I, Thompson EM,
Troedsson C. Characterization of the 18S rRNA gene for
designing universal eukaryote specific primers. PloS ONE.
2014;9:e87624.
22. Rognes T, Flouri T, Nichols B, Quince C, Mahe F. VSEARCH: a
versatile open source tool for metagenomics. PeerJ. 2016;4:e2584.
23. Guillou L, Bachar D, Audic S, Bass D, Berney C, Bittner L, et al.
The Protist Ribosomal Reference database (PR2): a catalog of
unicellular eukaryote Small Sub-Unit rRNA sequences with
curated taxonomy. Nucleic Acids Res. 2013;41(D1):D597–D604.
24. R Core Team. A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria; 2018.
25. Belt ST, Massé G, Rowland SJ, Poulin M, Michel C, LeBlanc B.
A novel chemical fossil of palaeo sea ice: IP25. Org Geochem.
2007;38:16–27.
26. Brown TA, Belt ST, Tatarek A, Mundy CJ. Source identification
of the Arctic sea ice proxy IP25. Nat Commun. 2014;5;4197.
27. Belt ST. Source-specific biomarkers as proxies for Arctic and
Antarctic sea ice. Organic Geochemistry. 2018;125:277–98.
28. Whittaker RH. Vegetation of the Siskiyou Mountains, Oregon and
California. Ecol Monogr. 1960;30:280–338.
29. Lozupone C, Knight R. UniFrac: a new phylogenetic method for
comparing microbial communities. Appl Environ Microbiol.
2005;71:8228–35.
30. Massana R, Castresana J, Balague V, Guillou L, Romari K,
Groisillier A, et al. Phylogenetic and ecological analysis of novel
marine stramenopiles. Appl Environ Microbiol. 2004;70:3528–34.
31. Boere AC, Rijpstra WIC, de Lange GJ, Malinverno E, Sinninghe
Damsté JS, Coolen MJL. Exploring preserved fossil dinoflagellate
and haptophyte DNA signatures to infer ecological and environ-
mental changes during deposition of sapropel S1 in the eastern
Mediterranean. Paleoceanography. 2011;26:PA2204.
32. Coolen MJL, Overmann J. 217 000-year-old DNA sequences of
green sulfur bacteria in Mediterranean sapropels and their impli-
cations for the reconstruction of the paleoenvironment. Environ
Microbiol. 2007;9:238–49.
33. Corinaldesi C, Barucca M, Luna GM, Dell'Anno A. Preservation,
origin and genetic imprint of extracellular DNA in permanently
anoxic deep-sea sediments. Mol Ecol. 2011;20:642–54.
34. Corinaldesi C, Beolchini F, Dell'Anno A. Damage and degrada-
tion rates of extracellular DNA in marine sediments: implications
for the preservation of gene sequences. Mol Ecol. 2008;
17:3939–51.
35. Randlett ME, Coolen MJL, Stockhecke M, Pickarski N, Litt T,
Balkema C, et al. Alkenone distribution in Lake Van sediment
over the last 270 ka: influence of temperature and haptophyte
species composition. Quat Sci Rev. 2014;104:53–62.
36. More KD, Orsi WD, Galy V, Giosan L, He LJ, Grice K, et al. A
43 kyr record of protist communities and their response to oxygen
minimum zone variability in the Northeastern Arabian Sea. Earth
Planet Sci Lett. 2018;496:248–56.
The potential of sedimentary ancient DNA for reconstructing past sea ice evolution
37. Orsi WD, Coolen MJL, Wuchter C, He LJ, More KD, Irigoien X,
et al. Climate oscillations reflected within the microbiome of
Arabian Sea sediments. Sci Rep. 2017;7:6040.
38. Massana R, del Campo J, Sieracki ME, Audic S, Logares R.
Exploring the uncultured microeukaryote majority in the oceans:
reevaluation of ribogroups within stramenopiles. Isme J.
2014;8:854–66.
39. Orsi W, Edgcomb V, Jeon S, Leslin C, Bunge J, Taylor GT, et al.
Protistan microbial observatory in the Cariaco Basin, Caribbean.
II. Habitat specialization. Isme J. 2011;5:1357–73.
40. Lovejoy C, Massana R, Pedros-Alio C. Diversity and distribution
of marine microbial eukaryotes in the Arctic ocean and adjacent
seas. Appl Environ Microbiol. 2006;72:3085–95.
41. Piquet AMT, Scheepens JF, Bolhuis H, Wiencke C, Buma AGJ.
Variability of protistan and bacterial communities in two Arctic
fjords (Spitsbergen). Polar Biol. 2010;33:1521–36.
42. Chantangsi C, Leander BS, An SSU rDNA barcoding approach to
the diversity of marine interstitial cercozoans, including descrip-
tions of four novel genera and nine novel species. Int J Syst Evol
Micr. 2010;60:1962–77.
43. Thaler M, Lovejoy C. Distribution and diversity of a protist pre-
dator Cryothecomonas (Cercozoa) in Arctic marine waters. J
Eukaryot Microbiol. 2012;59:291–9.
44. Coolen MJL, Orsi WD, Balkema C, Quince C, Harris K, Sylva
SP, et al. Evolution of the plankton paleome in the Black Sea from
the Deglacial to Anthropocene. Proc Nat Acad Sci USA.
2013;110:8609–14.
45. Bluhm BA, Gradinger R, Piraino S. First record of sympagic
hydroids (Hydrozoa, Cnidaria) in Arctic coastal fast ice. Polar
Biol. 2007;30:1557–63.
46. Raskoff KA, Purcell JE, Hopcroft RR. Gelatinous zooplankton of
the Arctic Ocean: in situ observations under the ice. Polar Biol.
2005;28:207–17.
47. Dokken TM, Nisancioglu KH, Li C, Battisti DS, Kissel C. Dans-
gaard‐Oeschger cycles: Interactions between ocean and sea ice
intrinsic to the Nordic seas. Paleoceanography. 2013;28:491–502.
48. Hoff U, Rasmussen TL, Stein R, Ezat MM. Sea ice and
millennial-scale climate variability in the Nordic seas 90 kyr ago
to present. Nat Commun. 2016;7:12247.
49. Stecher A, Neuhaus S, Lange B, Frickenhaus S, Beszteri B, Kroth
PG, et al. rRNA and rDNA based assessment of sea ice protist
biodiversity from the central Arctic Ocean. Eur J Phycol.
2016;51:31–46.
50. Zoccarato L, Pallavicini A, Cerino F, Umani SF, Celussi M. Water
mass dynamics shape Ross Sea protist communities in mesope-
lagic and bathypelagic layers. Prog Oceanogr. 2016;149:16–26.
51. Shemesh A, Burckle LH, Froelich PN. Dissolution and pre-
servation of Antarctic diatoms and the effect on sediment thana-
tocoenoses. Quat Res. 1989;31:288–308.
52. Zonneveld KAF, Versteegh G, de Lange GJ. Preservation of
organic-walled dinoflagellate cysts in different oxygen regimes: a
10,000 year natural experiment. Mar Micropaleontol.
1997;29:393–405.
53. Epstein SS. Microbial food webs in marine sediments. Trophic
interactions and grazing rates in two tidal flat communities.
Microb Ecol.1997;34:188–98.
54. Heikkilä M, Pospelova V, Hochheim KP, Kuzyk ZZA, Stern GA,
Barber DG, et al. Surface sediment dinoflagellate cysts from the
Hudson Bay system and their relation to freshwater and nutrient
cycling. Mar Micropaleontol. 2014;106:79–109.
55. Limoges A, Ribeiro S, Weckstrom K, Heikkila M, Zamelczyk K,
Andersen TJ, et al. Linking the Modern Distribution of Biogenic
Proxies in High Arctic Greenland Shelf Sediments to Sea Ice,
Primary Production, and Arctic-Atlantic Inflow. J Geophys Res-
Biogeo. 2018;123:760–86.
56. McMinn A. Why are there no post-Paleogene dinoflagellate cysts
in the Southern Ocean? Micropaleontology. 1995;41:383–6.
57. Montresor M, Procaccini G, Stoecker DK. Polarella glacialis,
gen. nov., sp. nov. (Dinophyceae): Suessiaceae are still alive!
J Phycol. 1999;35:186–97.
58. Lee WJ, Patterson DJ. Diversity and geographic distribution of
free-living heterotrophic flagellates - Analysis by PRIMER. Pro-
tist. 1998;149:229–44.
59. Tian F, Yu Y, Chen B, Li HR, Yao YF, Guo XK. Bacterial,
archaeal and eukaryotic diversity in Arctic sediment as revealed
by 16S rRNA and 18S rRNA gene clone libraries analysis. Polar
Biol. 2009;32:93–103.
60. Berge J, Renaud PE, Darnis G, Cottier F, Last K, Gabrielsen TM,
et al. In the dark: A review of ecosystem processes during the
Arctic polar night. Prog Oceanogr. 2015;139:258–71.
61. Terrado R, Vincent WF, Lovejoy C. Mesopelagic protists:
diversity and succession in a coastal Arctic ecosystem. Aquat
Microb Ecol. 2009;56:25–39.
62. Gong J, Dong J, Liu XH, Massana R. Extremely high copy
numbers and polymorphisms of the rDNA operon estimated from
single cell analysis of oligotrich and peritrich ciliates. Protist.
2013;164:369–79.
63. Not F, del Campo J, Balague V, de Vargas C, Massana R. New
insights into the diversity of marine picoeukaryotes. PLoS ONE.
2009;4:e7143.
64. Wassmann P, Reigstad M. Future Arctic ocean seasonal ice zones
and implications for pelagic-benthic coupling. Oceanography.
2011;24:220–31.
65. Kolodziej K, Stoeck T. Cellular identification of a novel uncul-
tured marine stramenopile (MAST-12 clade) small-subunit rRNA
gene sequence from a Norwegian estuary by use of fluorescence
in situ hybridization-scanning electron microscopy. Appl Environ
Microbiol. 2007;73:2718–26.
66. Bik HM, Porazinska DL, Creer S, Caporaso JG, Knight R, Tho-
mas WK. Sequencing our way towards understanding global
eukaryotic biodiversity. Trends Ecol Evol. 2012;27:233–43.
67. Will KW, Mishler BD, Wheeler QD. The perils of DNA bar-
coding and the need for integrative taxonomy. Syst Biol.
2005;54:844–51.
68. Pedros-Alio C. Marine microbial diversity: can it be determined?
Trends Microbiol. 2006;14:257–63.
69. Klouch KZ, Schmidt S, Andrieux-Loyer F, Le Gac M, Hervio-
Heath D, Qui-Minet ZN, et al. Historical records from dated
sediment cores reveal the multidecadal dynamic of the toxic
dinoflagellate Alexandrium minutum in the Bay of Brest (France).
FEMS Microbiol Ecol. 2016;92:fiw101.
70. Pääbo S. Ancient DNA - extraction, characterization, molecular-
cloning, and enzymatic amplification. Proc Nat Acad Sci USA.
1989;86:1939–43.
71. Cooper A, Poinar HN. Ancient DNA: do it right or not at ALL.
Science. 2000;289:1139.
72. Fetterer F, Knowles K, Meier W, Savoie M, Windnagel
AK. Sea Ice Index, Version 3. Boulder, Colorado USA. NSIDC:
National Snow and Ice Data Center; 2017. https://doi.org/10.
7265/N5K072F8.
S. De Schepper et al.
